Previous studies on the immunology of streptococcal mucopeptidO indicate that the peptide moiety isolated by enzymatic means is a dominant antigenic determinant (1). More recently, it has also been shown that the hexosamine polymer may be antigenic (2). In an extension of these observations, immunologic cross-reactions between streptococcal and staphylococcal mucopeptides were noted, but the immunochemical basis for this cross-reactivity was not defined (3).
(Received for publication 10 April 1968) Previous studies on the immunology of streptococcal mucopeptidO indicate that the peptide moiety isolated by enzymatic means is a dominant antigenic determinant (1) . More recently, it has also been shown that the hexosamine polymer may be antigenic (2) . In an extension of these observations, immunologic cross-reactions between streptococcal and staphylococcal mucopeptides were noted, but the immunochemical basis for this cross-reactivity was not defined (3) .
The mucopeptides of streptococci and staphylococci consist of repeating units of N-acetylglucosamine and N-acetyl muramic acid. In each case, tetrapeptides, composed of L-alanine, D-glutamic acid, lysine, and D-alanine, are linked to the hexosamine polymer through the carboxyl group of the muramic acid, and in turn the tetrapeptides of adjacent hexosamine polymers are covalently cross-linked to form a matrix (4, 5, 6) . The cross-link extends from the carboxyl group of n-alanine of one tetrapeptide to the free amino group of the lysine of another tetrapeptide. The major chemical difference between the mucopeptides of streptococci and staphylococci is the composition of the peptide bridge spanning the tetrapeptides. The peptide bridge of hemolytic streptococci consists of L-alanyl-L-alanine (7) , whereas that of staphylococci is a peptide of glycine (4) .
Other studies have now directed attention to the antigenic properties of the mucopeptides of Staphylococcus aureus. Hisatsune et al. (8) isolated from a RESULTS Previous studies have directed attention to the immunologic cross-reactivity among the mucopeptides of several different Gram-positive bacteria, including staphylococci and hemolytic streptococci (3) . Such an immunologic relation- All values are given in terms of the anhydrous ash-free mucopeptide. The lyophilized staphylococcal mucopeptide was 7~29% moisture and 8.25% ash. The lyophilized streptococcal mucopeptide was 3.14% moisture and 2.04% ash. The/~g/mg values for the amino sugars have been calculated to include the acetylation of these sugars in the native state.
The ammonia values were corrected for the amounts of ammonia contributed by decomposition of the amino sugars. The amount contributed by degradation of trace amino acids such as serine has not been included.
ship is consistent with the observation that the mucopeptides of these two bacteria have a similar chemical structure. Presented in Table I are the chemical compositions of the mucopeptides of Group A-variant streptococci and S. aureus, strain PSU. The mucopeptides isolated from both organisms possess the same major amino acids although there is a difference in their mole ratios. These analytical data are in essential agreement with those previously reported (1, 4, 11, 16) , with the exception that the glycine in the staphylococcal mucopep-tide is somewhat less than expected. It is conceivable that this variation is due to the procedures employed to isolate this substance, or due to variation from strain to strain. Nevertheless, the analytical data are consistent with the notion that both streptococcal and staphylococcal mucopeptides contain tetrapeptides of L-alanine, D-glutamic acid, lysine, and D-alanine with a mole ratio of 1:1:1:1, which in the case of streptococci are cross-linked by L-alanyl-L-alanine, and in the case of staphylococci by a pepdde of glycine. The following studies on the immunology of streptococcal and staphylococcal mucopeptides suggest that the antigenic cross-reactivity between these two substances is due to their similar tetrapeptides. In these experiments, the reaction between mucopeptide antibodies in Group A-variant antisera and staphylococcal mucopeptide have been examined in detail.
Cross-Reaction between Streptococcal and Stapkylococcal Mucopeptides.--A1-though mucopeptide antibodies are produced by rabbits which are immunized with particulate mucopeptide which has been isolated from the cell wall, the antibody response is not as marked as that achieved when rabbits are immunized intravenously with vaccines prepared with intact Group A-variant streptococci, strain 486. However, such Group A-variant antisera exhibit great variability in the relative amount of antibodies to mucopeptide and to Group A-variant carbohydrate. Illustrated in Fig. 1 are the results of the quantitative precipitin tests which employed Group A-variant antisera, and streptococcal and staphylococcal mucopeptides and Group A-variant carbohydrate. It should be noted that both streptococcal and staphylococcal mucopcptides solubilized by ultrasonic treatment gave strong reactions with antiserum R2358, whereas, the Group A-variant carbohydrate gave a minimal reaction.
The situation was reversed in the case of antiserum R2216. This antiserum had a much higher concentration of Group A-variant antibodies than mucopeptide antibodies. This reciprocal relationship argues against the possibility that the mucopeptide precipitin reaction is due to incomplete extraction of cell wall antigens from the mucopeptide, and supports the view that immnni~ation with Group A-variant vaccines gives rise to antibodies with A-variant specificity and antibodies with mucopeptide specificity.
Isolation of Mucopeptide Antibodies from Antiserum.--Mucopeptide anti-
bodies were isolated from Group A-variant antiserum by absorption onto particulate staphylococcal mucopeptide followed by elution at acid pH.
Electrophoretic patterns of unabsorbed serum, serum absorbed with mucopeptide, and antibodies eluted from the mucopeptide are depicted in Fig. 2 . The major portion of the slow ~,-globulin component was absorbed by the mucopeptide. The ~-globnlin recovered from the mucopeptide had a migration similar to this slow component. The isolated antibody was identified as ~G-globulin by means of immunoelectrophoresis. The antibody eluted from the mucopeptide did not react with Group A-variant carbohydrate. The antibodies to Group A-variant carbohydrate were identified in the fast ^/-globulin peak. Because these absorption studies of this Group A-variant antiserum with particulate mucopeptide indicate that the antibodies to mucopeptide have a slower electrophoretic migration than the Group A-variant antibodies, it has proved feasible to separate these antibodies from each other by means of preparative zone electrophoresis. Group A-variant antibodies were detected only in pool D. Pools A and B contained the bulk of the antibodies to mucopeptide. This is illustrated in the quantitative precipitin curves in Fig. 5 . The volume of each pool was adjusted by the addition of saline so that the protein content was 8 mg/ml. Pools C and D were appreciably less reactive with staphylococcal mucopeptide than pools A and B.
Isolation of Haptenic Inhibitors from an Enzymatic Digest of Mucopeptide.--
The peptide moiety has been identified as an immunodominant group of streptococcal mucopeptide (1) and staphylococcal mucopeptide (8) . Furthermore, a common feature between the peptide moieties of both streptococcal and staphylococcal mucopeptides is a tetrapeptide. It is reasonable to assume FIa. 4. Microzone electrophoresis of Group A variant antiserum R2358 and "r-globulin pools A, B, C, and D recovered from preparative electrophoresis of the serum as depicted in Fig. 3. therefore, that the immunologic cross-reactivity of streptococcal and staphylococcal nmcopeptides is dependent upon this common tetrapeptide. Evidence in support of this view was obtained by demonstrating that a peptide moiety of staphylococcal mucopeptide, isolated by enzymatic means, inhibited the precipitin reaction between staphylococcal mucopeptides and antibodies to streptococcal mucopeptide.
Various methods were employed to isolate and identify haptenic fractions of staphylococcal mucopeptide which had been digested with muralytic enzymes. These methods, which include ion exchange chromatography and Sephadex gel filtration, have been employed previously to isolate the haptenic peptide moiety of streptococcal mucopeptide (1).
The two lytic enzyme preparations which were employed to digest the staphylococcal mucopeptide were AL-proteinase, derived from Myxobacter strain AL-1, and lysostaphin. Recent studies have shown that AL-proteinase preparations contain activities which hydrolyze N-acetyl muramyl-L-alanine, D-alanyl-glycine, and glycyl-glycine (17) . The lysostaphin preparation has the enzyme specificities similar to AL-proteinase, with the exception that it lacks the capacity to split D-alanyl-glycine (18, 19) . But, in addition lysostaphin hydrolyses the glycosidic bonds in the hexosamine polymer.
100 mg of staphylococcal mucopeptide was suspended in 25 ml of Tri~ buffer, pH 9. 10 mg of AL-proteinase were added to the suspension and the mixture incubated at 37°C for 24 hr according to the method of Ensign and Wolfe (20) . The digest was dialysed in cellophane tubing against frequent changes of distilled water, and the dialysates were pooled, concentrated, Staph. mucopeptide /.zcjlml Fit;. 5. Quantitative precipitin reaction between sonically disrupted staphylococcal mucopeptide and the 7-globulin pools A, B, C, and D recovered from preparative electrophoresis of serum R2358 as depicted in Fig. 3 . The protein content of each pool was adjusted to 8 mg/ml and 0.1 ml was employed in the precipitin tests. and lyophilized. The lyophilized product was resuspended in 0.02 ~ (NH4)2CO3, pH 8.6, and separated on a DEAE-cellulose column equilibrated and eluted with this buffer. Three fractions, designated I, II, and III, were collected from the DEAE-cellulose column as depicted in Fig. 6 a. Fraction I was only present in trace amounts and was discarded. Fractions II and III inhibited the mucopeptide precipitin reaction. Fraction II was further resolved by G15-Sephadex gel filtration as previously described (1) . A fall-through fraction strongly inhibited the mucopeptide precipitin reaction. A second fraction, which was retarded by the column, was much less inhibitory. The fall-through fraction was labeled IIa and the retarded fraction lib. They were lyophilized to remove carbonate buffer and saved for subsequent chemical and immunologic analysis.
Similar procedures were employed to isolate haptenic fractions from staphylococcal mucopeptide which was digested with lysostaphin by the method of Sehind|er and Schuhardt (18). The dialyzable material from 100 mg of a lysostaphin digest of staphyloccal mucopeptide was fractionated on a DEAE-cellulose column equilibrated and eluted with 0.02 ~ (NH~)2CO~ buffer, pH 8.6. In this case, as depicted in Fig. 6 b, three major fractions designated I, II.
and III were obtained. Fraction I, which represented the fall-through peak, possessed much less inhibitory activity than fraction II and III. Preliminary chemical analysis indicated that fraction I was rich in hexosamines and fraction II was composed almost entirely of amino acids. Because fraction II contained both hexosamines and amino acids further resolution was not attempted. Fraction I was the source material for isolating the hexosamine moiety and fraction III the source material for isolating a haptenic peptide. These fractions were further purified by G 15-Sephadex gel filtration as described above. In both cases, only the fallthrough material was collected for subsequent chemical and serologic analysis. The lyophilized products were labeled fraction I and fraction III. FIo. 6 b. DEAE-cellulose chromatography performed as described above in the dialyzable material of a lysostaphin digest of staphylococcal mucopeptide. Eluted material was pooled as designated in the figure into fractions I, II, and III. digest and the lysostaphin digest of staphylococcal mucopeptide. The analysis of mucopeptide has been included for comparison. The AL-proteinase digest yielded a glycine-rich fraction as well as a peptide fraction. Fraction IIa contained the amino acids of the tetrapeptide and a portion of the polyglycine bridge. Fraction IIb was predominantly glycine, presumably derived from the polyglycine bridge. Similar split products have been isolated by others (17, 19) . The components of interest isolated from the lysostaphin digest included a hexosamine-rich fraction and a peptide moiety. Fraction I was primarily derived from the hexosamine polymer. Fraction III is similar to the peptide fraction IIa isolated from the AL-proteinase digest. The recovery of dialyzable hexosamine material in fraction I is due to the lysozyme-like activity of lysostaphin. It is to be noted, however, that no such material was liberated from mucopeptide by the action of AL-proteinase. Illustrated in Fig. 7 are the results of inhibition of the mucopeptide precipitin reaction with the fractions isolated from the enzymatic digests of staphylococcal mucopeptide. The reactions were carried out at antigen-antibody equivalence. 4 mg/ml of the peptide moiety from the lysostaphin digest fraction III inhibited 62% of the reaction between staphylococcal mucopeptide and streptococcal antiserum. Although not shown in Fig. 7 , it should be mentioned parenthetically that the peptide moiety from AL-proteinase fraction IIa was an equally good inhibitor. On the other hand, the glycine-rich moiety (AL-proteinase fraction IIb) and the hexosamine-rich moiety (lysostaphin digest fraction I) were Less effective inhibitors. The inhibition achieved with the hexosamine-rich fraction does merit additional comment, however. This suggests that the antiserum also contains antibodies directed against the hexosamine polymer of the mucopeptide. Such a finding is consistent with results reported earlier (2) . While experience with these inhibition studies is still limited, the picture which is emerging is that the peptide moiety is the primary determinant of mucopeptide, and the hexosamine polymer is a secondary determinant. Conc. of inhibitor (mg/ml) FzG. 7. Inhibition of the quantitative mucopeptide precipitin reaction with: hexosaminerich fraction I, and peptide-moiety fraction III isolated from the lysostaphin digest of mucopeptide; and glycine-rich peptide fraction IIb isolated from AL-proteinase digest of mucopeptide. Recovery of these fractions is depicted in Fig. 6 .
P r e s e n t e d in T a b l e I I are t h e c h e m i c a l analyses of t h e purified h a p t e n i c f r a c t i o n s isolated b y D E A E -c e l l u l o s e c h r o m a t o g r a p h y f r o m t h e A L -p r o t e i n
Further evidence for the immunologic cross-reactivity of the mucopeptides of streptococci and staphylococci was obtained in studies which employed the peptide isolated from a Streptomyces albus enzymes digest of streptococcal mucopeptide (1), In a final volume of 1 ml, 4 mg were added to a precipitin reaction consisting of 150/~g of solubilized staphylococcal mucopeptide and 0.1 ml of streptococcal antiserum. In comparison with the control, precipitation was inhibited by 62 %.
One possible interpretation of these results is that the streptococcal antiserum contains one population of antibodies which reacts with the streptococcal mucopeptide and another which reacts with staphylococcal mucopeptide. In a final series of experiments, it was shown that the serum contained antibody which reacted with both mucopeptides. The antibody employed in these experiments had been recovered from the antiserum by absorption onto particulate streptococcal mucopepfide and subsequently recovered as described in an earlier section. Such antibody reacted with the heterologous staphylococcal mucopeptide. Furthermore, the reaction was inhibited by 65 % with the peptide (fraction III) isolated from the lysostaphin digest of staphylococcal mucopepfide.
It did not prove feasible by enzymatic means to isolate from mucopeptide a tetrapeptide which was devoid of glycine. Nevertheless, the capacity of the peptide moiety to inhibit streptococcal and staphylococcal mucopeptide pre-
TABLE III Inhibition of Staphylococcal Mucopeptide Precipitin Reactio~ by Synthetic Peptides
Inhlbitors Inhibition All precipitin reactions were carried out with 0.1 ml of antiserum and 150 #g of solubilized mucopeptide in a final volume of i ml. Per cent inhibition values were obtained by comparison of the amount of antibody recovered in the inhibited reactions to that recovered in a noninhibited reaction.
cipitin reactions is probably dependent upon the tetrapeptide portion. This is supported by the fact that only the tetrapeptide and not the glycine bridge is common to both streptococcal and staphylococcal mucopeptide.
Because the peptide moiety was an effective inhibitor of the mucopeptide precipitin reaction, synthetic peptides were employed in a similar fashion. The results are presented in Table III . Inhibition was most prominent with L-alanyl-L-glutamic acid. These data are in agreement with the view that the tetrapeptide of mucopeptide is an antigenic determinant.
DISCUSSION
Recent evidence from a number of sources indicates that the bacterial mucopeptides are potentially antigenic (1, 3, 8, 21, 22) . This is not, however, a wholly unexpected development. Basically, mucopeptide consists of a hexosamine polymer with peptide side chains linked to the polymer through the carboxyl group of the muramic acid residues. Each of these two major components is a potentially immnnodominant group. Previous studies have shown that anti-bodies to both the hexosamine polymer and the peptide moiety may be detected in the sera of rabbits after immunization with Group A-variant streptococci (1, 2) .
It is, at present, a mystery why rabbits immunized with Group A-variant streptococci (23) are more likely to produce mucopeptide antibodies than rabbits immunized with Groups A or C streptococci (24) . One possible explanation may stem from antigenic competition between the group-specific carbohydrate and the mucopeptide. The majority of rabbits immunized with Groups A and C streptococci usually produce 3--15 mg/ml of antibodies to group carbohydrate. In some cases, over 80 % of the total ~,-globulin in immune sera may be antibody to the carbohydrate antigen. On the other hand, the Group A-variant carbohydrate appears to be a poor antigen. Many Group A-variant antisera contain less than 1 mg/ml of group-specific antibody. In the face of a feeble response to carbohydrate antigen, the mucopeptide may initiate a more vigorous immune response.
Variability in the immune response to mucopeptide may be in part genetically determined. Genetic factors which control the immune response to synthetic antigens have now been well established in the case of mice and guinea pigs. Pinchuck and Maurer have shown that the ability of mice to form antibodies against the random terpolymer glu571ys3sala5 is controlled by a codominant Mendelian factor (25) . In guinea pigs, it has been shown that the ability of poly L-lysine tO act as a hapten carrier for the 2,4-dinitrophenyl (DNP) group is transmitted as a simple Mendelian determinant (26, 27, 28, 29) . Breeding studies with rabbits currently underway may identify genetic factors which control a vigorous immune response to mucopeptide.
In the studies reported here, the immunologic cross-reactivity between streptococcal and staphylococcal mucopeptide has been studied in detail. The evidence suggests that this cross-reactivity is dependent in large part on the fact that a chemically similar tetrapeptide is a common antigenic determinant of both mucopeptides. It should be stressed, however, that the hexosamine polymer is also a common feature of both mucopeptides. Presumably crossreactivity can depend secondarily upon this common hexosamine polymer. Precipitin inhibition was achieved by a dialyzable hexosamine-rich moiety isolated from a lysostaphin digest of staphylococcal mucopeptide. Such a result is indicative that the hexosamine polymer of staphylococcal mucopeptide has antigenic properties similar to the hexosamine polymer of streptococcal m u c opeptide (2) .
The antigenicity of the tetrapeptide of mucopeptide is reminiscent of the studies of Fuchs and Sela on the locus of the immunologically important area of a multichained polymer of amino acids (30) . For example, a polymer which was nonantigenic remained so after the addition of peptide side chains consisting of only a single amino acid. On the other hand, synthetic multichained poly-alanine was converted to an immunogenic substance if the side chain peptides contained glu-lys, glu-phe, glu-his, or glu-leu.
In view of the similarity in chemical composition and structure among the bacterial mucopeptides, it will not be surprising if future studies reveal widespread immunologic cross-reactivity. Furthermore, the occurrence of mucopeptides in all bacteria insures prolonged and continuous exposure of animals and man to these substances and provides a means for the natural acquisition of sensitivity to mucopeptide. It is conceivable that the immune response to this family of polymers may play a role in bacterial allergy. Under these circumstances the biological significance of mucopeptide immunity merits attention.
At least two different laboratories have now quite independently directed attention to the toxic properties of mucopeptide. Rotta and coworkers have shown that the streptococcal cell wall mucopeptide will induce fever in rabbits, enhance nonspecific resistance in mice against subsequent challenge with streptococci, and prepare and provoke the localized Shwartzman phenomenon (31). 2 Abdulla and Schwab have observed dermal necrosis following injection of mucopeptide into the skin of rabbits (32). Schwab and coworkers have produced intermittent subcutaneous nodular lesions after injections of streptococcal cell wall particles into the skin of rabbits (33) . It is their view that mucopeptide may be an essential component of the cell wall particles which induce these lesions (32) . These various biological properties of mucopeptide may be dependent upon its inherent toxicity, but it is also possible that these toxic reactions to mucopeptide after injection by various routes are manifestations of previously acquired immunity to mucopeptide.
SUMMARY
Particulate mucopeptides of Group A-variant streptococci and Staphylococcus aureus, solubilized by ultrasonic treatment, give a precipitin reaction with the sera of rabbits immunized with Group A-variant streptococci. 3'-G globulin antibodies have been recovered from these sera which react with the mucopeptides but not with the Group A-variant carbohydrate.
The immunochemical basis for the cross-reactivity between the streptococcal and staphylococcal mucopeptides was investigated in detail. Three chemically different fractions have been isolated from enzymatic digests of staphylococcal mucopeptide and were employed as haptenic inhibitors of the precipitin reaction. A fraction consisting of the peptide moiety of mucopeptide was the strongest inhibitor, whereas the hexosamine-rich fraction was less effective. The third fraction, rich in glycine, was least effective.
It is suggested that the immunologic cross-reactivity between streptococcal and staphylococcal mucopeptide is due to the fact that these two substances contain chemically similar tetrapeptides. The hexosamine polymer which is identical for both mucopeptides may also contribute to their cross-reactivity.
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